• Binary mixtures of acetone with 1-propanol, 1,2-propanediol and 1,3-propanediol were analyzed • Viscosity and refractive index were measured • Deviations in viscosity and refractive index were calculated • Modeling of viscosity and refractive index was performed
ceutical industry in many oral, injectable and topical formulations and in the cosmetic industry. In the food industry, 1,2-propanediol is used as a solvent for food colors and flavorings and as a food additive [10] . In the chemical industry, 1,3 propanediol is mainly used in the production of polymers, composites, adhesives, laminates and coatings [13] . It is also a solvent and used as antifreeze and wood paint.
In this work experimental dynamic viscosities and refractive indices are reported for three binary mixtures (acetone+1-propanol, acetone+1,2-propanediol and acetone+1,3-propanediol) at eight temperatures (288. 15 [14] . The predictive UNIFAC-VISCO [15, 16] and ASOG-VISCO [17] models were used for modelling the viscosity of the investigated binary mixtures. The viscosity data were also correlated by Teja-Rice [18, 19] and McAlister [20] correlation equations. The refractive indices of binary mixtures were calculated by different mixing rules (LorentzLorenz, Dale-Gladstone, Eykman, Arago-Biot, Newton, and Oster [21] ) and compared with experimental data.
EXPERIMENTAL Chemicals
Acetone (99.8 mass%) and 1-propanol (99.5 mass%) were supplied by Merck, 1,2-propanediol (99.5 mass%) and 1,3-propanediol (98.0 mass%) were supplied by Fluka. Chemicals were kept in dark bottles, in an inert atmosphere and ultrasonically degassed before a sample preparation. In Table 1 , dynamic viscosities and refractive indices of pure substances are compared with literature values at 298.15 K [4, [22] [23] [24] . The agreement between literature and our experimental values is very good with differences within 2×10 -2 mPa·s for viscosity measurements of less viscous fluids and in most cases within
6×10
-4 for refractive indices. The differences between experimental and literature values of viscosity are somewhat higher by absolute value for more viscous fluids, especially 1,3-propanediol, but still below 2% deviation.
Apparatus and procedures
Viscosity measurements were performed using a digital Stabinger viscometer (model SVM 3000/G2). The instrument contains two measuring cells; one of them is used for measuring the density of the sample, while the other one measures dynamic viscosity. The kinematic viscosity is calculated from the measured density and dynamic viscosity. The stated reproducibility of the dynamic viscosity and density measurements is 0.35% and 0.5 kg m -3 in the temperature interval 288.15-378.15 K. During this procedure temperature in the cell was regulated to ±0.01 K with a built in solid-state thermostat. The relative uncertainty in dynamic viscosity measurements was estimated to be within ±0.40%.
Refractive index measurements were performed using an automatic Anton Paar RXA-156 refractometer, which works with the wavelength of 589 nm. Throughout this procedure temperature of the sample was kept constant with a built-in thermostat within an accuracy of ±0.03 K. The refractive index data have the uncertainty of ±0.00005 units.
A Mettler AG 204 balance, with a precision 1×10 -4 , was used for precise measuring of mass composition for all binary mixtures, using the cell and the procedure described previously [25] . The uncertainty of the mole fraction calculation was less than ±1×10 -4 .
RESULTS AND DISCUSSION
The experimental data of viscosity, η, refractive index, n D , as well as the calculated values of viscosity deviation, Δη, and deviations in refractive index, Δn D , for three binary systems (acetone+1-propanol, acetone+1,2-propanediol and acetone+1, 3- 
where n is the number of components and x i is the mole fraction of the component i.
The deviations in refractive index were calculated from the equation:
where n D and n Di refers to the refractive index of the mixture and the pure component i, respectively. In all the above given equations n denotes the number of components. Viscosity deviations, Δη, and deviations in refractive index, Δn D , were correlated with the Redlich--Kister (RK) equation [14] :
where Y represents the binary viscosity deviation, Δη, or deviation in refractive index Δn D of the mixture, A p are fitting parameters, and k+1 is the number of parameters, which was optimized using the F-test. The quality of correlation was assessed by calculating the root-mean-square deviations (rmsd), σ, defined as:
where m is the number of experimental data points.
The viscosity deviations obtained from experimental viscosity data, together with the curves calculated from the Redlich-Kister equation are shown in Figure 1 . Although values of Δη are negative over the entire temperature and composition range for all investigated binary mixtures, the systems with diols are characterized with much higher negative viscosity deviations than system with 1-propanol. Increase in temperature decreases the viscosity deviation negative values for all investigated binary mixtures.
The deviation of refractive indices for acetone+1-propanol, acetone+1,2-propanediol and acetone+1,3-propanediol binary systems, together with the curves calculated from the Redlich-Kister equation are displayed in Figure 2 .
In mixtures with diols, the Δn D values are positive over the whole range of mixture compositions and at all temperatures. For acetone+1-propanol binary system, the deviation of refractive index is positive for lower mole fraction of acetone but turns negative in the acetone rich region. Comparison with literature data [26] of Δn D values for acetone+1-propanol binary system shows that two sets of data follow the same trend line with positive maximum between 0.3 and 0.4 and negative minimum around 0.9 mole fractions of acetone. The temperature effect on refractive indices deviations is relatively weak, particularly in the solutions with 1,3-propandiol.
It has been stated earlier [1, 22, 27] that excess thermodynamic properties of mixtures are the consequence of three main types of contributions: a) physical interaction, such as dispersion forces or week dipole-dipole interactions, resulting in negative contributions to excess molar volume and viscosity deviation, b) chemical interaction like hydrogen bonds or other complex formation leading to negative contributions to V E and positive to Δη and c) structural interactions due to interstitial accommodation and changes in free volume.
Although straightforward relation between viscosity deviation and molecular interactions was established for a number of solutions [22] , excess molar volume is usually a more convenient property for molecular interactions analysis. It has already been pointed out in our previous work [1] that for the mixture of acetone with 1-propanol excess molar volumes are mostly negative, although very small by absolute value (Figure 3a (Figures 3b and 3c ) thus indicating interaction by hydrogen bonding between C=O group of acetone and OH groups of diols. The minimum of the curve for the mixture with 1,2-propanediol is located near 0.7 acetone mole fraction while the curve with for the mixture is almost symmetrical. This phenomenon could be attributed to structural factors and the presence of vicinal hydroxyl group in the molecule of 1,2-propanediol [1] .
According to [22] predominance of chemical interactions leading to H-bond formation is expected to result in positive viscosity deviation. Negative deviations obtained for all investigated mixtures indicate that the strength of the hydrogen bonds is not the only factor influencing viscosity deviation or excess molar volume negative values. It was stated earlier [28] that molecular size and shape of the components are important factors and negative values of Δη could be expected for systems of different molecular size in which the dispersion forces are dominant. Explanation for negative excess molar volumes and negative viscosity deviations could be attributed to the structural factors, inclusion of acetone molecules in the aggregates interstices, thus resulting in fewer surfaces available for friction and reduction of mixture viscosity [29] . For all analyzed binary mixtures, viscosity deviation negative values decrease with temperature rise, probably due to higher intermolecular vibrations and thermal motion.
The refractive indices and their deviations are intrinsically related to dispersion attractive interactions [30, 31] . Since the deviations obtained within this work are mostly positive for all of the studied solutions, it can be concluded that the dispersion interactions between the unlike molecules are higher than those in the pure components.
Viscosity modeling was performed with two types of models: predictive and correlative. Predictive approach for viscosity determination is mostly based on group contribution models. In this paper UNIFAC--VISCO [15, 16] and ASOG-VISCO [17] predictive models were used for calculating dynamic viscosities of the selected binary mixtures. In addition, viscosity data have been correlated with one-parameter Teja and Rice [18, 19] , and McAllister [20] two-parameter Three-body and three-parameter Four-body models. More details about the models used in this work can be found in our previous papers [32, 33] .
The ability of these models to predict dynamic viscosities of selected binary mixtures and to correlate experimental viscosity data was tested by calculating the percentage deviations (PD max ) between the experimental and the calculated viscosities from the following equation: The results obtained by UNIFAC-VISCO, ASOG--VISCO, Teja-Rice and McAlister models for the binary mixtures of acetone + 1-propanol, +1,2-propanediol and+1,3-propanediol over the investigated temperature range are given in Table 3 .
The predictive UNIFAC-VISCO model gives satisfactory results for all analyzed systems with maximum percentage deviation (PD max ), in almost all investigated cases less than 10%. The best results are obtained for the acetone+1-propanol system with PD max below 4%. Results obtained with the ASOG--VISCO predictive model are even better, with maximum percentage deviation in most cases less than 5% and for acetone+1,3-propanediol binary mixture less than 1.3% at all investigated temperatures.
Two Table 4 , were determined from experimental data using the Marquardt [34] optimization technique.
The results for refractive indices obtained by Lorentz-Lorenz (L-L), Dale-Gladstone (D-G), Eykman (Eyk), Arago-Biot (A-B), Newton (New), and Oster (Ost) [21] mixing rules for acetone+1-propanol, acetone+ +1,2-propanediol and acetone+1,3-propanediol binary mixtures over the investigated temperature range are summarized in Table 5 . The predictive ability of these models was tested by calculating the percentage deviations (PD max ) from Eq. (5) The values of Δn D are positive for acetone+1,2--propanediol and acetone+1,3-propanediol binary mixtures over the entire temperature and composition range. For acetone +1-propanol binary mixture, the deviation in refractive index changes sign from positive to negative for higher acetone mole fractions. In addition, refractive indices were predicted by different mixing rules (Lorentz-Lorenz, Dale-Gladstone, Eykman, Arago-Biot, Newton, and Oster) and compared with experimental results.
